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SUMMARY 

There is an imminent need for the existing nuclear power plants to reduce 

their operating and maintenance (O&M) costs to remain economically viable. 

Digital technology, including automation, provides a significant opportunity for 

the existing nuclear power plant fleet to transform the way in which work is 

accomplished, reducing O&M costs, and allowing the fleet to remain 

economically competitive. One notable opportunity to significantly reduce O&M 
costs pertains to modifications to the plant equipment and main control room 

(MCR). 

Existing instrumentation and control (I&C) technologies in the MCR are 

highly analog, costly to operate and maintain, and demand a high cognitive and 

physical workload from plant staff (i.e., operators). Digitalizing the MCR has a 

range of broad economic benefits, including improved plant performance and 

reduced manual work. Further, digital I&C systems can fundamentally change 

the way in which plant staff operate the plant; this is the concept of operation. 

Human-technology integration is important to ensure that impacts to the concept 

of operation are done in a way that account for capabilities of people and 

technology. Human-technology integration employs human factors engineering 

(HFE) methods and principles to maximize the benefits of digital technology, 

reducing human error, improving overall decision-making and usability. 

The U.S. Department of Energy Light Water Reactor Sustainability Program 

is applying human-technology integration research to ensure digital technologies 

are safe, reliable, and efficient. This paper documents the demonstration of the 

human-technology guidance developed by the Light Water Reactor Sustainability 

Program from a first-of-a-kind digital I&C upgrade, specifically addressing 

function analysis and allocation for a new digital I&C system that included 

changes in automation levels. 

The programôs specific approach is included in this work, following lessons 

learned. This document serves as a resource for industry to follow in applying 

human-technology integration and HFE to digital modifications, specific to 

function analysis and allocation. The lessons learned should be considered in the 

planning and execution of HFE activities that support such digital modifications. 
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DEMONSTRATION AND EVALUATION OF  THE 
HUMAN-TECHNOLOGY INTEGRATION FUNCTION 

ALLOCATION METHODOLOGY 

1. INTRODUCTION 

Nuclear power provides approximately 20% of electricity generation to the United States (U.S.). Nearly 

half of the nationôs non-greenhouse-gas-emitting electric power generation is nuclear power, providing a 

significant role in mitigating climate change. However, existing nuclear power plants are being challenged 

economically as other electricity generating sources, like natural gas and renewable energy sources, have 

seen reduced operating and maintenance (O&M) costs for a variety of reasons, including changes to the 

energy market, as well as added government subsidies for resources like solar and wind (Remer, Thomas, 

Lawrie, Martin, & OôBrien, 2021). As a result, there is an imminent need for existing nuclear power plants 

to reduce their O&M costs to remain economically viable. 

Digital technology, including automation, provides significant opportunity for the existing nuclear 

power plant fleet to transform that way in which work is accomplished to reduce O&M costs and allow the 

fleet to remain economically competitive. To enable this transformation of work, the U.S. Department of 

Energy (DOE) Light Water Reactor Sustainability (LWRS) Program is conducting targeted research and 

development (R&D) to develop technologies and solutions that improve the economics and reliability, 

sustain safety, and extend the operational lifespan of the existing fleet. This is being enabled through several 

R&D pathways. One pathway, Plant Modernization, is addressing nuclear plant economic viability through 

the innovation of digital technologies and business-model transformation. These research objectives are 

accomplished through the four research focus areas shown in Figure 1. 

 

Figure 1. LWRS Program Plant Modernization focus areas. 

As seen in the figure, Integrated Operations for Nuclear (ION) drives the R&D of technology 

modernization solutions that support the mission by addressing nuclear plant economic viability challenges 

through delivering a sustainable business model. Recent R&D under the ION domain can be found in 

INL/EXT-20-59537 (2020) and INL/EXT-21-64134 (2021). This work notably has identified several work 

domains and associated opportunities to develop, demonstrate, and deploy innovative solutions, including 

digital technologies, to significantly reduce O&M costs that will enable continued operation of the existing 

fleet. For instance, Remer and colleagues (2021) investigated key work domains that provide the greatest 

opportunity for O&M cost savings in the next 3ï5 years; these domains are shown in Figure 2. The mosaic 

graph presents these domains as a function of their relative magnitude in O&M savings. 
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Figure 2. Key work domains that offer greatest opportunity for cost savings. 

One notable domain shown from the mosaic graph is digital instrumentation and control (I&C) and 

control room modernization, in the top left of the graph. The challenge space here is that existing I&C 

technologies in the main control room (MCR) are highly analog, costly to operate and maintain, and demand 

high levels of cognitive and physical workload from plant staff (i.e., operators). Digitalizing the MCR has 

a range of broad economic benefits, including: 

¶ Improved testing and surveillance with digital technology in a way that improves existing processes 

¶ Reduced need for skill-of-the-craft in the maintenance (i.e., diagnosing, troubleshooting, and 

maintenance) of I&C systems 

¶ Improved plant operations resulting from improved handling of technical specifications, 

communication between MCR and field, and overall crew situation awareness 

¶ Overall obsolescence management. 

Digital I&C systems can fundamentally change the way in which plant staff operate the plant; this is 

known as the concept of operation. Operators who once adapted to and leveraged the characteristics of the 

analog I&C in existing MCRs will be impacted using digital technologies. Some examples of notable 

changes may include: 

¶ Go from standing to sitting at digital workstations 

¶ Using large overview displays for sensemaking as opposed to relying on the vast amounts of readily 

viewable analog indications 

¶ Using data visualization techniques and integration to support situation assessment, diagnosis, and 

response planning 

¶ Managing alarms differently as a result of new capabilities that filter and prioritize incoming alarms 
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¶ Using computer-based procedures that offer new capabilities unseen in paper-based analogs 

¶ Using increased levels of automation to control the plant, which changes operation from tactical (i.e., 

at-the-boards) to more supervisory. 

These characteristics indeed require careful understanding of the human-technology integration 

considerations (refer back to Figure 1) that are part of changing the concept of operation. For instance, 

assigning plant functions to people and automation (i.e., function allocation) requires understanding the 

capabilities of both people and the technology (i.e., automation) at hand. Human-technology integration 

employs human factors engineering (HFE) methods and principles to maximize the benefits of digital 

technology while reducing human error traps. Human-technology integration and HFE is applicable to all 

opportunities where there are end users interacting with technology and processes to perform work. This 

report documents the results of demonstrating human-technology integration guidance developed in 2021 

by the U.S. DOE LWRS Program and reported in: 

Kovesdi, C.R., Spielman, Z.A., Mohon, J.D., Miyake, T.M., Hill, R.A., & 

Pederson, C. (2021) Development of an Assessment Methodology That Enables 

the Nuclear Industry to Evaluate Adoption of Advanced Automation, INL/EXT-

21-64320, United States. https://doi.org/10.2172/1822880 

The demonstration of the human-technology integration and function allocation guidance was based on 

a first-of-a-kind digital modification described later in this report. The report is structured into several 

sections: 

¶ Section 2 provides the background of automation and how it applies to nuclear power plant 

modernization 

¶ Section 3 provides background into function allocation with relevant standards and guidelines, 

including existing challenges with using this guidance and discussion of emerging HFE methods 

¶ Section 4 presents elements of the work developed in 2021, documented in INL/EXT-21-64320, that 

pertain to function allocation 

¶ Section 5 presents the demonstration of the function allocation guidance summarized in Section 4 to a 

first-of-a-kind digital modification 

¶ Section 6 highlights lessons learned from this demonstration 

¶ Finally, Section 7 concludes this work and provides next steps. 

  

https://doi.org/10.2172/1822880
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2. SCOPE OF AUTOMATION 

Automation can be characterized as: 

(a) The mechanization and integration of the sensing of environmental variables 
(by artificial sensors); (b) data processing and decision-making (by computers); 

and, (c) mechanical action (by motors or devices that apply forces in the 
environment) or information action by communication of processed information 

to people (Sheridan, 2002, p. 9). 

In this sense, automation has many similarities to that of human information processing such that 

automation (as with people) acts on a specific goal by perceiving information, processing this information 

for sensemaking to make decisions from it, and formulating a response to then act upon. For people, this is 

achieved through perception, cognition, and action (e.g., Wickens, Gordon, Liu, & Lee, 2004). Automation 

achieves a similar outcome through artificial sensors (perception), computer processors (cognition), and 

mechanical actuators and displays (response planning and execution). As previously presented in INL/EXT-

21-64320, Figure 3 illustrates the scope of automation as it applies to modern technology. 

 

Figure 3. Scope of automation (adapted and enhanced from Sheridan 2002). 

Nuclear power plants utilize automation in a variety of ways and can be categorized in four types (EPRI 

3002004310, 2015): 

¶ Control Automation.  This type of automation involves the system performing tasks by manipulating 

equipment automatically; for example, the automatic insertion of control rods when a reactor trip is 

detected is a control automation process. This sort of automation improves efficiency and reliability 

while also reducing staffing and training. 

¶ Information  and Decision-Aiding Automation. This is automation that involves the system making 

information available to assist in monitoring and decision-making. This may include functions such 

as integrating, analyzing, and interpreting data before presenting it to personnel. This type of 

automation helps to improves personnel situational awareness. 

¶ Interface Management Automation. With this type of automation, the system lessens the workload 

of managing and working aspects of the user interface. One example of interface management 

automation is the system providing a link to the correct procedure when an alarm occurs. 

¶ Administrative Task Automation. Finally, this sort of automation facilitates the system performing 

administrative tasks automatically, such as recording data, sending messages, and updating databases. 
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Within a nuclear power plant, the types of automation support different work functions across the plant. 

For example, control automation is a type of automation with a specific purpose to operate the plant by 

performing sequences of action on plant equipment. Administrative task automation is used to improve 

work performed in support and maintenance plant functions and may include applications ranging from 

electronic work packages and chemistry sampling to general database integration. 

Figure 4 below is work developed by Hunton and colleagues (2019), which presents a digital 

infrastructure that enables the use of advanced automation and digital capabilities. This digital infrastructure 

is described around the Purdue Model, as seen on the left side. The figure is a simplified diagram of 

information flow from plant sensors and devices (blue) to safety (red) and non-safety (green) and up through 

higher levels of the infrastructure, leading to the corporate business network in gray. The specific role of 

automation types can be realized at different levels on the digital infrastructure. That is, control automation 

is used to control equipment and can be achieved from the distributed control system (DCS), shown with 

the integration of a safety (red) platform, a non-safety platform (green), and non-safety DCS advanced 

applications (burnt orange). Information and decision aids that support operations can also be realized here 

through advanced automation like computerized operator support systems, computer-based procedures, etc. 

The corporate network can house applications that support other areas of the plant in which administrative 

automation can be seen. 

 

Figure 4. Digital infrastructure using the Purdue Network Model to enable advanced automation. 

When performing function analysis and allocation (FA&A), all types of automation must be considered. 

Moreover, it is important to note that where on the infrastructure the automation resides will have 

implications on the way function allocation may be performed, determined by its scope, risk level, and 

other considerations. That is, following a graded approach, the level of rigor may be focused on high risk, 

safety-critical functions that require timely action by operators. Automation that is administrative in nature 

and does not have high economic or safety risk may be of less concern. This work describes a graded 

approach to function allocation. The following section describes a brief history of function allocation in a 
human factors sense. The intent is to inform the reader of primary resources within the human factors and 

nuclear community for function allocation to which this work builds on. 
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3. BACKGROUND AND EXISTING INDUSTRY GUIDANCE FOR 
FUNCTION ALLOCATION  

Function allocation can be traced to the original work performed by Paul Fitts (1951). The Fitts List 

provided a dichotomized list of abilities that people and machines are better suited at (Table 1). 

Table 1. Fitts List (1951). 

People Are Better At 

¶ Ability to detect a small amount of visual or 

acoustic energy 

¶ Ability to perceive patterns of light or sound 

¶ Ability to improvise and use flexible procedures 

¶ Ability to store very large amounts of information 

for long periods and recall relevant facts at the 

appropriate time 

¶ Ability to reason inductively 

¶ Ability to exercise judgment  

Machines Are Better At 

¶ Ability to respond quickly to control signals and 

apply great force smoothly and precisely 

¶ Ability to perform repetitive, routine tasks 

¶ Ability to store information briefly and then to 

erase it completely 

¶ Ability to reason deductively, including 

computational ability 

¶ Ability to handle highly complex operations (i.e., 

to do many different things at once) 

 

The notion of Fitts List is to provide design guidance in assigning functions to either people or 

machines, based on their qualities reflected in the list. As interpreted from Fitts List, functions better suited 

for machines should be automated whereas functions better suited for people should be assigned to the 

person. There have been numerous criticisms of using Fitts List in real-world applications (e.g., Fuld, 1993; 

Sheridan, 2002), and this paper is surely not within scope of providing a detailed critique. Though, some of 

the more salient critiques are as follows: 

¶ A False Dichotomy. The assignment between people and automation is not truly a dichotomy, rather 

thereôs an element of cooperation between agents (Sheridan, 2002; Wickens et al., 2004). 

¶ Overly Simplified. There are generally numerous combinations in which a function can be carried 

out between automation and people, and applying the list is short sighted (particularly for complex 

systems); this is compounded in that responsibly assigning a function requires a priori knowledge of 

context to which the function is being assigned (Sheridan, 2002; Wickens et al., 2004). 

¶ Leftover Problem. There are concerns of a leftover problem in which functions are decided on a 

technology-centered approach (as opposed to user-centered) based on whether it is technically 

feasible to automate, leaving ñleftoverò functions to the person (Roth et al., 2019; Wickens et al., 

2004). 

¶ Outdated Guidance. A final criticism, perhaps the most salient, is that the guidance is aged, given 

that it was developed in 1951 (Sheridan, 2002; Wickens et al., 2004). Certainly, with ever-evolving 

technology, including but not limited to the advent of computers and artificial intelligence, the 

qualities described in each column of the list are almost certain to change. 

Despite these criticisms, Fitts List is still regarded as a useful starting point in function allocation (e.g., 

Fuld, 1993; De Winter & Dodou, 2014). It has generated scientific debate among the human factors 

community and has served as a basis for standards and guidelines that have expanded on Fitts List to more 

elaborate process-related approaches for performing function allocation in complex systems, like nuclear 

power plants. Building on Fitts List, the next section presents standards and guidelines related to FA&A. 
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3.1 Standards and Guidelines  

3.1.1 NUREG-0711: HFE Program Review Model  

The U.S. Nuclear Regulatory Commission (NRC) HFE Program Review Model (NUREG-0711 2012) 

does not so much provide FA&A guidance but rather provides detailed process guidance to support the 

NRC staff in their reviews of HFE programs. However, FA&A is an integral part of NUREG-0711, as seen 

in Figure 5. 

 

Figure 5. HFE phases and elements in NUREG-0711 (2012). 

The review criteria presented in NUREG-0711 is meant to verify that the application has defined the 

functions that must be carried out to satisfy the plantôs safety and power generation goals (i.e., function 

analysis) and has allocated those functions to people and automation such that peoplesô capabilities are 

accounted for (i.e., leveraging their strengths and avoids their limitations). There are a total of nine criteria 

given to ensure that: 

¶ A structured approach that reflects HFE principles was followed. 

¶ The FA&A process is iterative so that it can be reused when modifications are considered. 

¶ A hierarchical analysis of functions to decompose functions to identify requirements is incorporated. 

¶ The approach allocates functions based on technical bases that can be justified. 

¶ For functions allocated to people, the approach considers secondary allocations (e.g., automation as a 

backup) and clearly defines all functions allocated to people. 
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3.1.2 NUREG/CR-3331: Methodology for Allocating Nuclear Power Plant 
Control Functions to Human or Automatic Control  

The U.S. NRC provides detailed guidance for function allocation in NUREG/CR-3331 (1983). This 

document provides one of the earliest guidance for function allocation in the design of nuclear power plants 

and has been used as a foundational methodology for forthcoming standards and guidelines, such as 

NUREG-0711 and others described later. NUREG/CR-3331 was developed to create specific guidance for 

nuclear power plants in performing function allocation or evaluating allocation in an existing design. The 

intent was to provide a method that can ensure function allocation is done through an ñorderlyò and 

ñrationalò approach. 

NUREG/CR-3331 follows a rigorous and deductive approach to allocation between people and 

automation through a series of decisions. The results of following NUREG/CR-3331 fall on a decision 

matrix shown in Figure 6. 

 

Figure 6. Decision matrix for allocation of functions (adapted and enhanced from NUREG/CR-3331). 

The matrix shows automation performance on the y-axis and human performance on the x-axis. 

Specific regions within the plane show whether allocation is unacceptable (U) or preferred (P) for humans 

(h) and automation (a). In a region where allocation is unacceptable, the allocation to the other (i.e., whether 

be automation or human) is required. For instance, the bottom right region, where human performance is 

excellent and automation performance is poor, states that automation is unacceptable so thus allocation to 

the human is required. There are cases where it is unacceptable for both, as seen in the bottom left. When 

both automation and humans are good to excellent in performance, the decision is less straightforward. In 

that case, preference is given to the assignment of function and depends on whether performance is slightly 

better for one than the other. There is the middle region (Pha) that is indifferent to the assignment of function. 

The decision criteria used in NUREG/CR-3331 first begin with addressing whether assignment is 

mandatory whether because of law or regulation or even technically feasible. Next, functions are further 

decomposed into information processing qualities (sensory, cognitive, and motor behaviors) to evaluate the 

suitability of people and automation. Suitability is assessed through means like expert judgment and tools 

given in the appendices of NUREG/CR-3331 that present human performance data that can be used to 

support decision-making. 
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3.1.3 NUREG-0700: Human -System Interface Design Review Guidelines  

The U.S. NRC Human-System Interface Design Review Guidelines (NUREG-0700 2020) provides a 

comprehensive list of detailed HFE design guidelines. The guidance spans from general human-system 

interface (HSI) design elements to specific system, workstation, and workplace design guidance. 

Automation is an explicit topic in NUREG-0700 in the third revision. Specifically, the guidance focused 

on the interaction with the HSIs used to control and monitor automation. Automation guidance is described 

in the following areas: 

¶ Automation Displays: Refers to the characteristics of displays used for monitoring automation. 

¶ Alerts, Notifications, and Status Indications: Concerns with the design and manner of notifying 

operators about the need for automation, status indications related to automation, terminating 

automation, cautions, warnings, and alerts related to automation. 

¶ Interaction and Control: Refers to the characteristics of controlling automation. 

¶ Automation Modes: Concerns modes of operation, such as with indicating current mode state and 

alerting of changes to modes. 

¶ Automation Levels: Concerns the extent to which a task is automated, including assignment to 

manual, automated, or shared responsibility (Figure 7). 

¶ Adaptive Automation: Concerns guidance in applying adaptative automation (dynamic and flexible 

assignment of function) based on certain criteria, such as if an operatorôs workload is overburdened. 

¶ Computerized Operator Support Systems: Specific guidance on decision support tools like 

computerized operator support systems that aid operators in situation assessment and response 

planning. 

¶ HSI Integration: Guidance on the integration of automated systems in the larger context of the MCR 

and addressed key considerations related to ensuring consistency and availability of supporting 

materials. 

 

Figure 7. Levels of automation for nuclear power plant applications (adapted from NUREG-0700 2020). 

3.1.4 EPRI 3002011816: Digital Engineering Guide  

The Electric Power Research Institute (EPRI) Digital Engineering Guide (DEG) (EPRI 3002011816 

2018) provides nuclear-specific guidance in applying systems engineering to support the installation of new 

and modified I&C technologies in nuclear power plants. The guidance is multidisciplinary in nature and 

HFE is one of the core engineering disciplines described. FA&A  is noted as core activities in HFE and is 

also captured as a systems engineering activity. As such, the DEG considers FA&A as an activity broader 

than HFE that requires a multidisciplinary team. The overarching goals are to ensure technical requirements 
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are sufficiently defined and analyzed (function analysis) so that the functions can be allocated to people or 

automation (allocation) based on an understanding of the capabilities of automation and people. System 

architecture (or modifications to it) is defined to support function analysis. The system architecture and 

scope drive the extent of modernization and consequently influences HFE. For large-scale modifications, 

HFE becomes highly involved. In such a case, the DEG provides guidance to refer to EPRI 3002004310 

(2015), described next. 

3.1.5 EPRI 3002004310: Human Factors Guidance for Control Room and Digital 
Human -System Interface Design and Modification  

Human Factors Guidance for Control Room and Digital Human-System Interface Design and 

Modification pairs with NUREG-0711 (2012) and provides detailed guidance for the execution of HFE 

activities in the design of new nuclear power plants and modifications to existing plants. The guidance 

given on FA&A  here closely follows the methodology presented in NUREG/CR-3331 (1983), among other 

sources (e.g., Sheridan, 2002). EPRI 3002004310 (2015) further follows a graded approach and includes a 

17-step methodology. This methodology addresses defining (or addressing changes) to the concept of 

operations, performing function analysis, defining scenarios for evaluation, performing function allocation, 

and evaluating the impacts of allocation on other functions. The outputs of function allocation include 

automation requirements and HA (i.e., functions allocated to people fully or partially) that serve as inputs 

into task analysis. 

3.1.6 IEC 61839: Nuclear Power Plants ï Design of Control Rooms ï Functional 
Analysis and Assignmen t 

International Electrotechnical Commission (IEC) 61839 is an international standard that provides 

guidance for FA&A for the design of automation systems in nuclear power plants. IEC 61839 is applicable 

to the design of new nuclear power plants and modifications to existing nuclear power plants. The process 

for performing FA&A begins at the operational goals (i.e., availability and safety) to which functions are 

identified and decomposed into subfunctions that can be analyzed to determine their basic informational 

flow and processing requirements. Tasks are then identified and analyzed via task analysis techniques, and 

the results of the task analysis inform function allocation. Verification and validation (V&V) activities are 

then performed in isolation and later as an integrated system for later evaluation of assigned functions. The 

standard cites International Atomic Energy Agency (IAEA) TECDOC-668 (1992) for additional guidance 

in performing FA&A . Notably, function allocation is based on assignment to one of four categories is 

described in Table 2. 

Table 2. Function allocation criteria from IAEA TECDOC-668 and used in IEC 61839. 

Functions that must be 

automated 

Functions that are better 

served from automation 

Functions that should be 

given to people 

Functions that should be 

shared 

¶ Rapid or long-term 

processing of large 

quantities of data 

¶ Tasks requiring high-

accuracy information 

(data processing or 

manipulation) 

¶ Those requiring high 

repeatability 

¶ Those requiring rapid 

performance 

¶ Those where the 

consequences of error 

are severe 

¶ Lengthy tasks that 

require high 

consistency or high 

accuracy 

¶ Tasks the result in 

boredom 

¶ The use of 

automation may 

bring improvement to 

the design of the job 

¶ Require heuristic or 

inferential knowledge 

¶ Require flexibility in 

performing 

¶ Require a 

combination of 

automation and 

human abilities; e.g., 

use of automation to 

detect and annunciate 

and operators make 

judgments and take 

executive decision 
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Functions that must be 

automated 

Functions that are better 

served from automation 

Functions that should be 

given to people 

Functions that should be 

shared 

¶ Those where errors 

cannot readily be 

retrieved (corrected) 

¶ Those which must be 

carried out in an 

unacceptably hostile 

environment 

 

3.2 Technical Reports  on Function Allocation  for Next Generation 

Reactors  

The following section presents a series of technical reports that disseminate the role of emerging nuclear 
power plant technologies and HFE implications, such as with function allocation. These reports present 

state-of-the-science guidance and considerations for emerging technology that will be seen in next 

generation reactor technologies (i.e., Generation IV nuclear power plants and small modular reactor 

technologies). 

3.2.1 BNL-90424-2009: Trends in HFE Methods and Tools and Their 
Applicability to Safety Reviews  

BNL-90424-2009 details HFE methods and tools regarding applicability to safety reviews. One of the 

main methods discussed is FA&A . The purpose of the FA&A  review is to ensure that all essential functions 

required to satisfy operational and safety objectives have been identified. After all essential functions have 

been identified, functions can be allocated to human and systems resources in a way that leverages human 

strengths and avoids human limitations. There are several techniques presented on function allocation, as 

indicated in Table 3. 

Table 3. Function allocation techniques listed in BNL-90424-2009. 

Method/Tool Key Features 

Business Process Modeling Articulates the ñwho, what, when, where, and whyò of 

business processes supported by Business Process 

Engineering Language software 

Command, Control, and Communication 

Techniques for Reliable Assessment of 

Concept Execution 

Command and control team information flow 

Improved Performance Research 

Integration Tool  

Enables trade-offs between human resources, 

system-human function allocation, and system 

performance using Army/military conventions 

Plant-Human Review & Effectiveness 

Decision Tool (PHRED)  

Improved Performance Research Integration Tool adapted 

to nuclear power operations 

Ship System Human Systems Integration 

for Affordability and Performance 

Engineering  

A suite of manpower analysis tools that include function 

allocations 

Top Down Function Analysis Top-down function analysis 

Scenario-Based Function Allocation Holistic approach to function allocation 
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Additionally, this report details software development methods, tools, and techniques that are playing 

a prominent role in functional requirements analysis and function allocation. Software tools address the 

process, timing, and resource requirements for function accomplishment. This report also entails an industry 

expert evaluation of a comprehensive list of commercially available requirements management tools. This 

evaluation identified key features of each requirements management tool, along with the criteria used to 

evaluate them. The key features and evaluation criteria are intended to support designers in finding the most 

appropriate tools and can serve as a method for comparing them. 

3.2.2 BNL-91017-2010: Human -system Interfaces to Automatic 
Systems  - Review Guidance and Technical Basis  

BNL-91017-2010 details guidance and methodologies that support human-system interfaces to 

automatic systems. The objective of this research is to develop guidance for reviewing an operator HSI with 

integrated automation. This report characterized important HFE aspects of automation, based on how 

automation is implemented in current systems. The HFE aspects are based on the following six dimensions: 

¶ Levels of automation 

¶ Functions of automation 

¶ Processes of automation 

¶ Modes of automation 

¶ Flexibility of allocation 

¶ Reliability of automation. 

Additionally, BNL-91017-2010 presents a literature review on the effects of the discussed aspects of 

automation on human performance and on the design of HSIs. The technical basis established from the 

literature is used to develop guidance for reviewing designs and includes the following seven topic areas: 

¶ Automation displays 

¶ Interaction and control 

¶ Automation modes 

¶ Automation levels 

¶ Adaptive automation 

¶ Error tolerance and failure management 

¶ HSI integration. 

This report also includes author insights into the automation-design process, operator training, and 

operations. 

3.2.3 INL/EXT-13-28601: Draft Function Allocation Framework and Preliminary 
Technical Basis for Advanced SMR Concept of Operations  

This report details a draft function allocation framework and a preliminary technical basis for advanced 

small modular reactor concept of operations. Advanced small modular reactors are unique compared to 

traditional nuclear power plants from development and assembly to the concept of operations. These 

reactors apply more extensive automation compared to existing light-water reactors. Given these unique 

circumstances, new concepts of operations models must be researched and developed for advanced small 

modular reactors. An important element of the concepts of operations pertains to describing the 

characteristics of the proposed system with regards to who will use it and how it will be used. It is used to 



 

 13 

communicate system characteristics of the plant to all stakeholders, provide the basis for the design of HSIs, 

procedures, and training programs, as well as serve as a key input into subsequent HFE analyses. 

The concept of operations is developed by conducting an in-depth analysis of operating characteristics 

and associated technologies will be used by the plant. In support of this objective and goal, three important 

research areas were included: 

¶ Operating principles of multi-modular plants 

¶ Function allocation models and strategies affected by the development of new, nontraditional concept 

of operations 

¶ The requirements for human performance, based upon work domain analysis and current regulatory 

requirements. 

This report summarizes the theoretical and operational foundations for the development of a new 

functional allocation model for advanced small modular reactors, including the application of work domain 

analysis. The report also highlights changes in research strategy prompted by a confirmation of the 

importance of applying the work domain analysis methodology to a reference advanced small modular 

reactor design. Further, it describes how this methodology will enrich the findings from this phase of the 

project in the subsequent phases and helps in identifying metrics and focused studies to determine human 

performance criteria to support the design process. 

3.2.4 INL/EXT-13-30117: Development of a Technical Basis and Guidance for 
Advanced SMR Function Allocation  

This technical report details the development of a technical basis and guidance for advanced small 

modular reactor function allocation, which includes the following three key activities: 

¶ The development of a framework for the analysis of the functional, environmental, and structural 

attributes of advanced small modular reactors 

¶ The effect that new technologies and operational concepts would have on the way functions are 

allocated to humans or machines or combinations of the two 

¶ The relationship between new concepts of operations, new function allocations, and human 

performance requirements. 

This report directly relates to the previously discussed report (INL/EXT-13-28601) evaluating 

automation integration implications. The challenges of integrating automation capabilities into advanced 

small modular reactors will not only impact technical and functional elements of the concept of operations 

but also the overall O&M costs. Due to these challenges, this report evaluates why it is necessary to develop 

new concept of operation models as well as new models of function allocation and human performance 

requirements. This report also explains the relationship between these requirements and how old paradigms 

and methodologies are no longer suitable for the analysis of evolving concepts. The report further explains 

how the development of new models and guidance for concepts of operations needs to adopt a state-of-the-

art approach, such as work domain analysis. The primary goal of this methodology is to identify and 

evaluate specific human factors challenges related to nontraditional concepts of operations and the 

associated changes in the allocation of functions to human and system agents. This includes developing a 

framework for the analysis of advanced small modular reactor functions, structures and systems using the 

work domain analysis methodology. 
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3.3 Challenges with Existing Guidance  

The following challenges can be summarized based on reviewing the literature and through subsequent 

discussion with industry. 

3.3.1 Existing Guidance Focuses on ñBlank Slateò Design  

Current guidance provides a detailed and rigorous process that certainly has merit in addressing the 

criteria described in NUREG-0711 (2012), which provides particular benefit in the development of a new 

plant where the applicant begins with a ñblank slate.ò It provides a structured methodology that can be 

performed iteratively to describe the hierarchical relation of high-level functions to the specific equipment. 

This detailed understanding then, in theory, can be used to responsibly assign functions to people or 

automation through the careful understanding of the function itself and how it impacts people. 

For existing nuclear power plants, such guidance may not provide the most direct means to performing 

FA&A  for digital upgrades at existing plants (Hunton & England, 2019). Digital upgrades at existing plants 
come with unique constraints, such as using commercially available qualified vendor digital technology 

(i.e., distributed control systems) that can be configured in a limited number of ways, either due to 

regulatory or technical constraints. As illustrated in Figure 8, digital modifications to an existing plant are 

less focused on defining new functions and rather on understanding how these current functions are 

managed and what impacts the new digital modifications will have on the concept of operations. Hence, 

the management of functions is an area of focus. 

 

Figure 8. Vertical slide through a plantôs functional hierarchy for ensuring safety (adapted and enhanced 

from NUREG-0711 2012). 

The question of how to allocate functions is not purely an empirical one, decided by HFE. Rather, 

function allocation is a multidisciplinary endeavor in which human factors engineers must work closely 

with other disciplines to carefully understand what is possible (i.e., deemed from regulatory, technical, or 

economic considerations) and what configuration between automation and people provides the best suite to 

perform the function safely and reliably. 
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3.3.2 Limited to Safety with Minimal Guidance on Power Production  

The methodologies provided previously have traditionally focused on plant safety where there has been 

little focus on power generation (Kovesdi et al., 2021). That is, at least within the public domain, function 

decomposition and allocation between people and automation has focused primarily on safety-related 

systems and with lesser focus on the secondary (i.e., power generation) side of the plant. It is important to 

note that, with changing energy markets in the U.S., there is an emerging need for existing nuclear power 

plants to identify ways in which O&M costs can be reduced to remain economically viable (Kovesdi et al., 

2021). Hence, a need for understanding function allocation in the context of production is highly important. 

A strategy for function allocation should holistically consider functions outside of plant safety and 

consider other applicable to functional areas outside of the MCR. For instance, research defined from ION 

has identified several opportunities to significantly reduce costs across the plant (Remer et al., 2021). 

Maintenance and support functions may benefit from automation in which the focus is less on plant safety, 

but rather on power generation optimization and applying human-automation integration principles that 

maximize the capabilities of both automation and people. 

3.3.3 Minimal  Real-World Use Cases in the U.S.  

Unlike task analysis, which has been expanded upon and arguably used extensively in nearly all 

domains in which HFE is involved (e.g., Kirwan & Ainsworth, 1992), FA&A  is less documented. To this 

end, the number of real-world use cases of function allocation, such as those described in NUREG/CR-

3331 (1983), available to the public domain is notably limited. As a result, applying and tailoring a function 

allocation approach like NUREG/CR-3331 remains less straightforward when compared to more traditional 

methods that fall under the umbrella of task analysis. As such, the industry would benefit from additional 

real-world guidance in demonstrating function allocation, particularly with modern digital technology. 

3.3.4 Does Not Explicitly Address Team Dynamics  

Joe and colleagues (2015) position the need to consider social factors, such as teamwork (including 

people and automation), communication, trust, and creating shared mental models. The guidance to date 

has primarily focused on only ñmicro-ergonomicò factors, such as the perception, cognition, and action of 

the operator. However, ñmacro-ergonomicò considerations must also be addressed for effective allocation 

(Figure 9). 

 

Figure 9. Team considerations for function allocation (Joe et al. 2015). 

The ways in which automation is applied can fundamentally change the concept of operations, crew 

dynamics, and even organizational factors. Hence, there is a need to broaden how function allocation is 

addressed by considering these ñmacro-levelò sociotechnical considerations. 
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3.4 Emerging Methods  

Despite these challenges, among others, with traditional function allocation approaches, there has been 

a growing body of literature exploring alternative ways function allocation can be addressed. Namely, 

research performed by Roth and colleagues (2019) discusses emerging methods for addressing function 

allocation in new paradigms between people and advanced autonomous technologies (e.g., autonomous 

industrial process systems, vehicles, and robotics). Roth and colleaguesô position that addressing function 

allocation requires not just one approach but an integrated approach that encompasses four key areas: 

¶ Analyze operational demands and work requirements 

¶ Explore alternative distribution of work across automation and people (i.e., authors refer to this as 

human-machine teaming) 

¶ Examine interdependencies between automation and people required for effective teaming 

¶ Explore trade-spaces of alternative human-machine teaming options. 

The following subsections describe the exploration of emerging methods to address function allocation 

ñin an era of human autonomy teamingò around these four key areas. 

3.4.1 Analyze Operational Demands and Work Requirements  

A fundamental consideration in function allocation is understanding the nature of the work being 

performed and corresponding challenges that come with it. By understanding the very nature of the work 

being performed (i.e., not just the tasks required to perform the work), Roth and colleagues (2019) posit 

that function assignment can be better informed. Going beyond routine use cases and understanding how 

automation and people jointly operate to attend to non-routine and perhaps emergent conditions is important 

in designing resilience into the system. Cognitive task analysis (CTA) and cognitive work analysis (CWA) 

are promising methods well suited for analyzing operational demands and work requirements. CTA and 

CWA are meant to be complementary to each other, as each has different philosophies (Jameison, 2003). 

3.4.1.1 Cognitive Task Analysis (CTA)  ï Knowledge Elicitation Techniques  

CTA provides a broad set of task data collection and representation techniques that focus on the 

cognitive elements of work (Crandall, Klein, & Hoffman, 2006). Knowledge elicitation methods like the 

critical decision method can be used to understand in detail how operators performed important decisions 

with the technology, based on actual incidents. There are several different CTA approaches, including but 

not limited to (see Stanton et al., 2013; Stanton, Salmon, Walker, & Jenkins, 2017; Crandall et al., 2006): 

¶ Critical Decision Method and Critical Incident Technique 

¶ Concept Mapping 

¶ Cognitive Walkthrough 

¶ Applied CTA 

¶ Concurrent Observer Narrative Technique. 

An important characteristic of CTA, regardless of specific techniques, is that each approach focuses on 

eliciting knowledge from subject matter experts (SMEs) on elements of work. Specifically, CTA seeks to 

understand the cognitive aspects of work and resulting challenges that come with it. This information can 

then be used to inform subsequent system design. Ultimately, CTA enriches design knowledge to 

effectively assign functions to people or automation (Kovesdi et al., 2021). 

3.4.1.2 Cognitive Work Analysis (CWA)  ï Work Domain Analysis  

CWA is rooted in nuclear power plant design (Rasmussen 1979) and is a sociotechnical framework that 

models complex work systems through multiple layers of constraints. The CWA framework offers a set of 



 

 17 

tools that can be used in conjunction or separately at each constraint layer, depending on the needs of the 

analysis (Stanton et al., 2017). The phases of CWA include: 

¶ Work Domain Analysis ï defines the work environment and its underlying purpose under analysis 

¶ Control Task Analysis ï defines the activities (work functions, situations, and key decisions) required 

to achieve the system objectives 

¶ Strategies Analysis ï defines the strategies afforded within the work domain in which activities are 

performed 

¶ Social Organization and Cooperation Analysis ï examines the distribution of work across all agents 

within a system (i.e., whether assigned to people or automation) 

¶ Worker Competencies Analysis ï examines the competencies (knowledge, skills, and abilities) 

required of people to perform work within the system. 

CWA offers specific tools at each phase to evaluate the work domain. CWAôs scope goes beyond 

function allocation; however, it can be used to address function allocation considerations. Work domain 

analysis can define the purpose of the system and available functions. The abstraction hierarchy is a 

common tool used to support work domain analysis that provides a graphical way of showing the 

interrelations of a systemôs functional purpose, its values and priorities, its constraints, its higher level 

functions, its physical functions, and specific systems and components. Figure 8 provides an example of an 

abstraction hierarchy typically be seen from CWA. The abstraction hierarchy can represent an existing 

system and proposed system to highlight key functions being impacted. The results may be best suited to 

show global impacts on the concept of operations with significant changes proposed for the system and its 

work domain. 

3.4.2 Explore Alternative Distribution of Work  

Complementary to analyzing the operational demands and work requirements, the CWA and 

abstraction hierarchy can be extended and used to explore different options of work distribution across a 

proposed automation (Roth et al., 2019). CWAôs control task analysis phase and use of contextual activity 

templates are proposed. Contextual activity templates provide a way of mapping specific work functions to 

work situations. Following work domain analysis, higher level and system-level functions can be mapped 

to specific situations in which the functions are performed (Stanton et al., 2017). Situations are generally 

mapped across the x-axis and functions are mapped down the y-axis, creating a two-by-two matrix. Within 

the matrix, the use of specific functions is graphically depicted for typical and all possible situations. A key 

output of contextual activity templates is the explicit traceability of functions to the situations in which they 

occur. Contextual activity templates can be extended with the social organization and cooperation analysis 

phase of CWA to identify the specific agents (i.e., people and automation) responsible for executing a 

function within a given situation. 

3.4.3 Examine Interdependencies Between Automation and People  

The assignment of responsibility between people and automation must be analyzed in terms of the 

interactions required to perform work and how joint performance between people and automation can be 

optimized (Roth et al., 2019). This has bearing in addressing key function allocation changes to existing 

nuclear power plants in which the functions and situations may be already defined. However, the 

management of these functions can be fundamentally changed with new digital technology. For example, 

a legacy plant may have previously required nearly all manual actions to perform a turbine startup. With 

the emerging digital technology seen in a modern DCS, automation may enable evolutions of the startup to 

be allocated to control automation in which the operator is supervising the automation. Understanding the 

interactions between agents is critical to ensure optimal joint performance. The following approaches are 

described as tools to examine the interaction between automation and people. 
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3.4.3.1 CWA ï Control Task Analysis: Decision Ladders  

One such way of examining the interactions between agents is by the decisions required to perform 

work, regardless of who is responsible in making these decisions. Decision ladders are one such tool within 

the CWA toolkit explicitly designed to examine the critical decisions made by the human-automation team 

to perform work. This tool provides a framework to evaluate the flow of information and associated 

decisions demanded by each agent for perceiving, deciding, and acting on the information. The 

interdependencies of information flow between agents can be examined to decide whether the allocation of 

functions supports effective teamwork between agents, including people and automation (Roth et al., 2019). 

3.4.3.2 Coactive Design (Johnson et al., 2014)  

Coactive Design expands on traditional task analysis and focuses on joint performance between people 

and automation (Johnson et al., 2014). The work originated out of human-robot interaction research and is 

based on the coactive system model, as shown in Figure 10. 

 

Figure 10. Coactive system model (adapted from Johnson et al., 2014). 

At its core, the model presents a closed-loop relationship between human and automation actors. The 

interaction between agents is enabled by the interface. The interface serves as an intermediary for 

automation and people and is characterized in terms of observability, predictability, and directability 

(OPD). Observability refers to making oneôs status observable to others (i.e., knowledge in the world). 

Predictability refers to the need for an agentôs actions to be observable and reliable. Finally, directability 

refers to having the ability of one agent to direct the behavior of others and vice versa. The OPD framework 

allows identification of teamwork requirements based on these qualities. The OPD framework is used in 

the Coactive Design method and used during the construction of the Interdependence Analysis (IA) table. 

The IA table is an extension from tabular and hierarchical task analysis. It describes the specific tasks 

required regardless of function assignment. Next, there are several unique characteristics that extend the 

task analysis. First, each sub-task is described in terms of ñIdentifying Required Capacities for Tasks.ò 

Capacities refer to the informational needs, knowledge, skills, and abilities including sensing, perception, 

decision-making, and action needs of a sub-task. The IA table allows an evaluation of each identified 

capacity within a given sub-task in terms of the viability for each agentôs role (i.e., function allocation). 

Primary performing of a capacity and supporting team members (i.e., including automation) are evaluated 

by the extent that they can be viably supported. Different combinations are enumerated to evaluate different 

options for function allocation. Feasibility and interdependence are then evaluated using OPD as a 
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framework. Feasibility is evaluated based on whether the primary performer and supporting team member 

for a given capacity is achievable or not. OPD is evaluated for related capacities (e.g., sensing is required 

before interpreting) to develop requirements. The Coactive Design approach provides a systematic way of 

analytically evaluating possible combinations of function allocation; the output that comes from Coactive 

Design can then be evaluated through usability testing or other complementary human-centered design 

approaches. 

3.4.3.3 Other Advanced Methods: System Theoret ic Process Analysis (STPA)  

Beyond work from Roth and colleagues (2015) described above, a final method worth mentioning is 

the System Theoretic Process Analysis (STPA) framework that comes out of systems engineering. That is, 

STPA is a systems engineering hazard analysis approach that looks at the system holistically by focusing 

on the interactions between components (Levenson & Thomas, 2018). The primary feature of STPA that 

describes this interaction, or interdependencies, is the control structure; here, the operator (and even 

organization) is included in the control structure, and the functions can be modeled through defining the 

control actions and feedback necessary to perform the function. Loss scenarios and unsafe control actions 

are then described using the control structure. The framework enables the design team to identify ways to 

mitigate unsafe control actions very early in the conceptual design. STPA may be used in conjunction with 

other function allocation approaches as a hazard analysis to better inform allocation of function design 

decisions. 

3.4.4 Explore Function Allocation Trade -Space 

Roth and colleagues (2019) position that function allocation is part of a larger systems engineering 

process in which tradeoffs are made in the development of complex systems. This position agrees with 

existing standards and guidance in the nuclear industry, such as DEG (2018). Function allocation tradeoffs 

range beyond human factors considerations to include cost, technical feasibility, and mandated regulatory 

requirements to name a few. The U.S. nuclear industry has subscribed to guidance seen in NUREG/CR-

3331 and related guidance covered above. However, Roth and colleagues (2019) offer additional 

approaches that address broader sociotechnical considerations, such as those described by Joe and 

colleagues (2015) including teamwork. These entail Sociotechnical Methods from Waterson, Gray, and 

Clegg (2002), as well as simulation and modeling techniques. 

3.4.4.1 Sociotechnical Method  for Designing Work Systems  

Waterson, Gray, and Cleggôs (2002) approach to function allocation was in response to an earlier work 

(Older, Waterson, & Clegg, 1997), which examined the advantages and disadvantages of existing function 

allocation approaches. Their work identified a set of requirements that function allocation for modern 

technology should include. These requirements are captured in Table 4. 

Table 4. Function allocation methodology requirements. 

Categories Requirement 1. Provide coverage between people and automation, including shared roles 

Requirement 2. Incorporate dynamic allocation 

Issues Requirement 3. Consider peopleôs job satisfaction 

Requirement 4. Include specific decision criteria for allocation 

Requirement 5. Consider tradeoffs for decision criteria 

Requirement 6. Enable quantitative evaluations for tradeoffs 

Approach Requirement 7. Consider a multidisciplinary approach and end users 

Requirement 8. Enable end users to make informed decisions for allocation 

Requirement 9. Apply early in the design process 

Requirement 10. Be easy to learn and apply (i.e., practical) 

Coverage Requirement 11. Examine the system as a whole 
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Requirement 12. Be applicable to complex systems 

Requirement 13. Be adaptable to different situations 

Requirement 14. Useful for new and existing systems 

Requirement 15. Be useful and apparent to stakeholders that it is in fact useful 

Design Requirement 16. Be structured and systematic 

Requirement 17. Be low cost and efficient to use 

Requirement 18. Be consistent with existing tools and techniques 

 

Waterson and colleaguesô approach to function allocation followed a process with seven discrete yet 

iterative stages: 

Stage A. First, end users are identified and asked to develop a number of alternative allocation 

choices for the system. For existing systems that are being modified, the way in which the 

existing system functions is documented as a baseline reference. The authors suggest 

describing each allocation in terms of scope, boundary, vision (and basis), level of 

automation, organization structure, roles impacted, expected benefits, cost, implications, 

preferences, and rationale. An outcome of this stage is to feed requirements specification 

that is common in procuring complex systems. 

Stage B. Next, a mandatory allocation of function is identified and assigned accordingly to people or 

automation. Waterson and colleagues (2002) provide a template in which to capture 

allocation of function (Figure 11). 

 

Figure 11. Function allocation table template (adapted from Waterson, Gray, and Clegg, 2002). 

Stage C. Following the mandatory assignment, remaining specific tasks are allocated provisionally 

between people and automation. Decision criteria for assignment are provided that account 

for system-level goals, cultural and organizational issues, resources, peoplesô skills, task 

considerations, work organization issues, and technology issues (i.e., such as feasibility and 

cost). 

Stage D. Similar to Stage C, tasks allocated to people are further defined in terms of assignment to 

different roles. 

Stage E. Next, sets of circumstances in which dynamic allocation is beneficial are identified. 

Assignments captured in Stage C and Stage D are thus reexamined when evaluating the 

necessity and possibility for dynamic allocation of function. 

Stage F. All allocated functions are then reexamined from a holistic view (e.g., do the provisional 

allocation of function from previous stages work when integrated together?). 

Stage G. Final assignment of function is made upon iterative feedback across all previous stages and 

documented. 
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3.4.4.2 Simulation and Modeling  

The notion of applying simulation and human-in-the-loop testing is not new to function allocation 

guidance (EPRI, 2015; Kovesdi et al., 2021). Not surprisingly, applying performance-based tests via 

simulation offers a wealth of opportunity to identify and mitigate critical design issues and ultimately 

inform allocation decisions. Simulation and modeling paired with rapid prototyping enables operators to 

perform realistic tasks with the proposed system to collect performance-based and user feedback. The 

design team, including vendor, utility stakeholders, operations, and HFE can observe these issues within a 

realistic context to come to effective design decisions (Kovesdi et al., 2021). Hence, simulation and 

modeling can be applied in combination with all other methods previously described to provide empirical 

bases for allocation decisions. This approach offers the ñgold standardò in terms of addressing tradeoffs, 

especially with complex systems like nuclear power plants (Joe & Kovesdi, 2021). 

3.4.5 Integrating  Methods  for Nuclear Power Plant Function Allocation  

The challenges faced by industry in performing function allocation for large-scale digital modifications 

can be characterized by: 

¶ Too much focus on new build design 

¶ Too much emphasis on safety and not enough on power production 

¶ Minimal real-world examples 

¶ Falls short of addressing team dynamics. 

Roth and colleagues (2019) offer an integrated approach to addressing function allocation for modern 

digital technology. The approach emphasizes a need to use a comprehensive set of methods and frameworks 

to address function allocation, based on range of considerations that go beyond Fitts List and traditional 

function allocation approaches. Function allocation is hence described in terms of four broad 

considerations: 

¶ Analysis of operational demands and work requirements 

¶ Exploring alternative distribution of work 

¶ Examining interdependencies between people and automation 

¶ Exploring the function allocation trade-space. 

The approach hence prescribes specific sets of tools based on these unique considerations. 

The scope of a digital modification resulting in a change in function allocation may decide what 

considerations are to be considered and consequently what methods and tools should be used. Figure 12 

provides a framework based on Roth and colleagues (2019) and STPA (Levenson & Thomas, 2018) to 

address function allocation for large-scale digital modifications at U.S. nuclear power plants. 
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Figure 12. Integrated function allocation toolset (adapted and expanded from Roth et al., 2019). 

The framework suggests that function allocation should be addressed based on the considerations 

identified from Roth and colleagues. There are ñentry conditionsò that determine whether a specific 

consideration is in scope or not. If the scope of the modification creates a ñyesò response to any one of the 

questions corresponding to a consideration, the consideration should be addressed using one or more of the 

methods identified by Roth et al. (2019) and others like STPA, where applicable. Furthermore, as seen in 

the figure, specific methods are traced to whether they have been used in the nuclear industry by a ñYò for 

yes or ñNò for no. It is not to say that a method not been used in the industry is irrelevant; rather, it is 

important to note that a justification of the technical basis of choice should be given. The outcome of 

performing function allocation using the suggested methods are defined at the bottom. 

The outputs of each of the four function allocation considerations should build on each other. That is, 

significant changes that completely alter the plantôs mission and concept of operation may require analyzing 

operational demands and work requirements. Where modifications are significant but not to the extent of 

fundamentally changing work performing at the plant, functions and the distribution of work may be 

understood, but system-level alterations in functions may necessitate the need to reexamine 

interdependencies and tradeoffs. An example of the former may entail adding an entirely new system that 

expands the plant goals (e.g., repurposing heat for hydrogen production that can be used beyond electricity 

generation). The latter may entail digital modifications to existing plant systems to which the plant is 

licensed to; here, automation may be added or modified so interdependencies and tradeoffs must be 

addressed. 

The next section describes the inclusion of this framework to a broader methodology that supports the 

adoption of advanced technology in terms of addressing human and technology integration across the entire 

lifespan of a large-scale project. 










































































































